The purpose of this study is to obtain a better operational knowledge of Stereotactic Body Radiotherapy (SBRT) treatments with CyberKnife ® . An analysis of both In-room Times (IRT) and technical interventions of 5 years of treatments was performed, during which more than 1600 patients were treated for various indications, including liver (21%), lung (29%), intracranial (13%), head and neck (11%) and prostate (7%). Technical interventions were recorded along with the time of the failure, time to the intervention, and the complexity and duration of the repair. Analyses of Time Between Failures (TBF) and Service Disrupting TBF(disr) were performed. Treatment time data and variability per indication and following different system upgrades were evaluated. Large variations of IRTs were found between indications, but also large variations for each indication. The combination of the time reduction Tool (using Iris ® )
Introduction
Stereotactic body radiotherapy (SBRT) using CyberKnife ® (Accuray Incorporated, Sunnyvale, California, USA) (1, 2) has been applied for many indications. Treatment times with this system may vary substantially depending on the nature of the application, position of the treated lesion, and the tracking method. Large variations in In-Room Times (IRT) are possible even for a single application.
Technology in Cancer Research & Treatment, Volume 13, Number 1, February 2014 The total IRT is the combination of (a) patient entering the room, explanations given and initial positioning on the table, (b) imaging for exact positioning, (c) depending on the indication, creation of tracking models, (d) treatment itself and (e) patient leaving the room. The treatment itself consists of the robot moving in a safe path around the patient, stopping on several nodes and delivering several beams from each node. Depending on the indication, there are different node sets (e.g. the possible nodes around the skull are different than for prostate). Depending on the tracking system, the robot position is adjusted in real time in order to deliver the radiation correctly (e.g. for fiducial tracking).
Health economics studies and comparisons with other techniques are not straightforward and heavily dependent on the indication. Several optional upgrades are available with the CyberKnife System, such as the Iris ® collimator (a collimator with variable field sizes (3)), 800 MU linac, time reduction algorithm (creates a shorter treatment at the end of the optimization process (4)), different tracking methods, etc.
A CyberKnife was installed in 2007 at the Centre Oscar Lambret (COL). A very wide spectrum of applications have been performed since then, such as lung (29%), liver (21%), intracranial (13%), head and neck (11%), and prostate (7%), representing more than 1600 patients (5) (6) (7) (8) (9) (10) . Maintenance of the system has been handled both by an in-house biomedical engineering team and accuray's customer support.
In addition to the patient IRTs and their variability, another important factor for the continuity of the treatments are technical interventions. Certain technologies may require more frequent and unpredictable technical interventions than others. This is especially true in the case of novel technologies. While robotic radiosurgery is not totally new, compared with conventional linear accelerators, it is in a earlier stage of development.
In a standard radiotherapy scheduling environment, patients are assigned appointments before they undergo a CT study. In highly predictable applications with low variability, this is efficient. However, when variability begins to increase, effective capacity and system utilization starts to diminish quickly. As demand on the health care system rises, logistics becomes more and more important (11) .
In this study, we analyzed 5 years of experience with a CyberKnife System, treating a very diverse group of SBRT indications. We present treatment durations and their variability, the influence of certain upgrades, and maintenance and repair.
Methods and Materials
Statistical analyses were performed in the R software environment (12) .
Treatment Time Analysis
In-room times (IRTs) were recorded from June 2007 to December 2012. IRT is defined as the time measured from the patient's entry into the treatment room until his or her departure, having completed the treatment, thus incorporating the setup time. Certain tracking methods require longer setup and/or treatment times than others.
Tracking Methods
Xsight ® Spine Tracking [Accuray, (13)]: Patient is positioned using images of skeletal landmarks of the spine. Examples of applications: head and neck, spine, and lung treatments without breathing synchronization.
Xsight ® Lung Tracking [Accuray, (14) ]: Patient is first positioned by Xsight Spine, then the tumor volume itself is tracked using a correlation model based on the respiratory motion of the tumor and external fiducials on the chest.
Synchrony ® Respiratory Tracking [Accuray, (15)]: In our department, patients are first set up using an Xsight Spine plan (e.g. Liver patients: we create an additional XSight spine positioning plan for initial positioning). Then the patient is set up using the fiducials, after which a correlation model is created based on the respiratory motion of internal gold fiducials around the tumor and external ones on the chest. Liver tumors and others that move with respiration are treated this way.
Fiducial Tracking: Internal fiducials are tracked using orthogonal X-ray image guidance. Prostate tumors are treated using this tracking method (16) . Imaging frequency is modulated using the In-Tempo™ (Accuray) imaging system based on the amount of movement.
6D Skull Tracking (1):
Tracking is performed by X-ray imaging of bony anatomy of the skull. Intracranial and some head and neck tumors are treated this way.
Treatment Delivery Methods
In September 2009, a first version of the Iris collimator and 800 MU/min linac were installed at our center, a new path traversal method and a new prostate path set allowing for more rotational compensation. Before that, only fixed collimators were used. When using multiple fixed collimators during treatment, an additional "change-over" time is required; the robot has to switch collimators and follow a new path around the patient. The Iris collimator is equipped with a diaphragm, which can manipulate the beam size from any linac position. An analysis was performed to compare treatment times with or without the use of the Iris collimator. The prostate path was also changed in order to accept automatically larger rotations which required immediate technical intervention to solve and led to delayed or even canceled treatments.
These TBF(disr) could be further divided into:
• Morning failures (delaying start of treatments) • Failures requiring intervention by Accuray customer service A failure was defined in very general terms, encompassing not only a hardware issue but also software interruptions that the radiation therapist could not immediately resolve.
A first version of the Iris collimator was used during a part of the analyzed time. The interventions that occurred during this time were not included in the analysis as these did not fit into the regular pattern of operations. Interventions on Iris collimator after this first version were included.
Results and Discussion

Treatment Time Analysis
A summary of overall results is represented in Figure 1 in the form of box-whisker plots. Further details in the form of cumulative IRT histograms are given in Figures 2 and 3 . The IRTs were recorded for 93% of the treatments.
Distribution Fitting
Distribution fitting was performed using the same methodology described under the heading "treatment delivery features" above. In most cases, gamma distributions provided the best fit. All parameters are depicted in Table I .
First Fraction vs. Following Fractions
The paired t-tests resulted in a statistically significant difference (p , 0.05) for all treatments. However, this difference between the first and following fraction, was less than 3-5 min. except for liver and lung treatments. Liver and lung treatments that used Xsight Spine resulted in the larger differences of respectively 12 and 5 minutes (p , 0.001) (see Figure 2 for liver treatments).
Upgrade Analysis
Comparative values regarding fixed collimators, Iris, and time reduction tool 1 Version 9 are shown in Figures 1 and 2 . Statistical significance was determined by Mann-Whitney U tests.
The initial Iris implementation by itself did not lead to a statistically significant reduction in IRT (p . 0.05) except for prostate treatments (p , 0.001). For prostate treatments in particular, before, only small collimator sizes were used. of the prostate during the treatments (up to 58 instead of 1.58). The new path traversal method changed the path along the irradiation nodes for the other indications. A comparison was also carried out between the duration of the first fraction and the following fraction of a particular treatment to gauge the presence of systematic differences.
In September 2010, the time reduction algorithm was installed (17) , as well as the upgrade to version 9.5, which included the Improved Stop Handling upgrade. With the Improved Stop Handling, the high voltage of the machine was no longer cut off for the majority of small interruptions. The time reduction algorithm reoptimizes the treatment plan in order to obtain a comparable plan with a faster beam arrangement. The impact of these changes on the treatment times was determined by before and after comparisons of the treatment times.
Significance of the difference between the first and the following fraction was evaluated using a one-sided paired t-test. The temporal differences among the use of fixed collimators, the Iris collimator, the time reduction tool, and any combinations thereof, were evaluated using Mann-Whitney U tests. The 95% confidence interval of the median in the box-and-whisker plots was calculated using the method described by (18) .
Analytical distribution fitting was performed in the R software environment, using the following scheme (19): 1. Maximum likelihood estimation of typical probability distributions for process/repair times as Gamma, Weibull, and Log Normal distributions 2. Graphical comparison of probability density function, frequency distribution, andplots 3. Computation of the Kolmogorov-Smirnov goodness-of-fit statistics.
H 0 for this test means empirical distribution follows the hypothesized theoretical distribution (gamma, Weibull…).
Technical Intervention Time Analysis
In-house technical interventions were recorded and analyzed from June 2007 to November 2012. Recorded intervention data included time of the call, start and end times of the intervention, and its degree of criticality. We made the following distinctions:
• The IRT time distribution for the first fraction is indicated by the indication name followed by "1". The box plots contain the 25-75% data, the whiskers extend to 1.5 times the extreme box values. Circles are outliers. The indents represent the approximate 95% confidence interval for the median value. If two indents overlap, this means there is no statistically significant difference between the two medians. We can see that the addition of Iris without TR/V9 did not lead to significant IRT reductions except for prostate treatments (due to larger possible rotational corrections). The TR algorithm resulted in improved IRT's for all treatments. Abbreviations: XLu: XSight Lung tracking; XSp: XSight Spine tracking; 1st fx: First fraction, following fraction; H&N: Head and Neck; TR: Time Reduction; V9: Version 9 (stop handling).
Figure 2:
Cumulative distribution of IRTs for liver treatments. There is a significant difference between the first and following fraction (fx). Implementation of the Time reduction algorithm and upgrade to V9 (Improved Stop Handling) resulted in significantly shorter treatment times. The more vertical the distribution, the more predictable the treatment time. Abbreviations: 1st fx: First fraction, following fraction; TR: Time Reduction; V9: Version 9 (stop handling).
The time reduction for prostate from Iris only was estimated to be in part due to (1) the addition of a large collimator to the treatment plans along with several small collimators, but especially due to (2) the new prostate path sets that proved useful for the typically large rotations of the prostate. This new prostate path set allowed for larger rotations, up to 58, indicating the requirement to perform large intrafractional rotations. For other indications, the reason for unchanged IRTs could be attributed to (1) the stops during treatment due to the first version of Iris and (2) the change in practices: with Iris, there were less compromises for coverage/conformity (as an example: addition of small Iris collimator sizes for a large liver tumor, whereas before only large fixed collimators were used and no small fixed collimators). However, in general, the Iris on itself did not statistically significantly change the IRTs. An example is shown in Figure 2 for liver treatments.
The combination of the time reduction tool (using Iris), and Improved Stop Handling, which keeps the high voltage on during an e-stop, resulted in at least 20% reduction in IRT's for all indications except for Xsight Lung applications (14%, p 5 0.01). The cumulative IRT histograms for certain more common indications are represented in Figure 3 .
Technical Intervention Time Analysis
A cumulative histogram of the duration of interventions is given in Figure 4 ; the cumulative histogram of TBF(disr) is represented in Figure 5 . About 90% of the technical interventions were logged in the system, those which were not are estimated to be arrival/departures and/or short rebooting of parts of the system.
A summary of the interventions is given in Table II . We had an in-house mean intervention rate of once every 8-9 work days. However, these interventions disrupting the service did not necessarily represent long downtimes, as we can see from the analysis in Figure 4 and Table II : 80% were solved in less than 1 hour and 62% were solved under 30 min. These interventions often represented a logged-in reboot of a part of the system. This short-duration intervention figure would have been slightly higher if all short interventions had been 
Conclusions
These results can be used for assessing and simulating the required machine time for a centre's case mix. 
Treatment Time Analysis
Liver and lung treatments posed the highest burden on the machine, both due to the longer treatment times, but also due to the higher variability's. The combination of time reduction Tool with Iris and Improved Stop Handling was of main importance to achieve shorter IRTs.
Technical Intervention Time Analysis
A well trained in-house team was able to resolve most issues fairly quickly. External intervention was not required often (5% of the times after an initial learning period), but pointed to a longer downtime. Mean TBF(disr) was 68 working hours, but mostly solved very fast (,30 mins) and/or occurred in the morning (30%), at the start of the treatments.
Future work: these data can be used for optimizing workflow using simulations.
